The surgical fracture fixation of the odontoid process (dens) of the second cervical vertebra (C2/axis) is a challenging procedure, particularly in elderly patients affected by bone loss, and includes screw positioning close to vital structures. The aim of this study was to provide an extended anatomical knowledge of C2, the bone mass distribution and bone loss, and to understand the implications for anterior screw fixation. One hundred and twenty standard clinical quantitative computed tomography (QCT) scans of the intact cervical spine from 60 female and 60 male European patients, aged 18-90 years, were used to compute a three-dimensional statistical model and an averaged bone mass model of C2. Shape and size variability was assessed via principal component analysis (PCA), bone mass distribution by thresholding and via virtual core drilling, and the screw placement via virtual positioning of screw templates. Principal component analysis (PCA) revealed a highly variable anatomy of the dens with size as the predominant variation according to the first principal component (PC) whereas shape changes were primarily described by the remaining PCs. The bone mass distribution demonstrated a characteristic 3D pattern, and remained unchanged in the presence of bone loss. Virtual screw positioning of two 3.5 mm dens screws with a 1 mm safety zone was possible in 81.7% in a standard, parallel position and in additional 15.8% in a twisted position. The approach permitted a more detailed anatomical assessment of the dens axis. Combined with a preoperative QCT it may further improve the diagnostic procedure of odontoid fractures. ß
Fractures of the odontoid process (dens) of the second cervical vertebra (C2/axis) account for up to 27% of all cervical spine fractures. 1 In the elderly they are the most common spinal fracture. 2 Osteosynthesis of dens fractures is challenging due to intricate anatomy and to critical neighboring structures making surgical fixation a demanding task, particularly in patients with a reduced bone mass. Clinical assessment and surgical decision making usually rely on radiographs and computed tomography (CT) and require the consideration of the given fracture pattern but also the individual anatomical condition and local bone quality.
Dens fractures can be classified depending on the fracture location into type-I (upper part of the dens), type-II (junction of the dens and the vertebral body), and type-III (extends downwards into the vertebral body). 3 According to Grauer et al. type-II dens fractures are refined into three subtypes depending on the orientation of the fracture line. 4 One surgical treatment option for certain type-II odontoid fractures is anterior odontoid screw placement. However, there is no consensus on whether one or two anterior screws should be positioned in anterior dens fixation. [5] [6] [7] The second cervical vertebra is anatomically distinct as this bone develops from three constituents segregated by the upper and lower dental synchondroses with three waves of ossification. 8 There are only a few studies available that have measured individual anatomical parameters using anatomical specimens or based on manual measurements in CT or X-ray images. 5, [9] [10] [11] [12] [13] [14] [15] The entry angle for dens screws should be determined preoperatively, 15 because a steep angle increases the risk of fracturing or cut-out of the anterior vertebral body. 1 By anchoring the screw in the cortex of the tip of the dens a high stability is achieved 16 and therefore screw length should be determined correctly. 1 In addition Puchwein et al. measured a sex-dependent length of the dens. 1 Nucci et al. described the minimum transverse diameter of the dens as a critical parameter for the placement of two 3.5 mm screws. 11 It should be 9 mm externally for screw insertion with tapping and 8 mm internally for screw insertion without tapping. 11 The internal structure and distribution of bone mineral density (BMD) in addition to external anatomy has been reported to provide information about fracture mechanisms and capabilities for internal fixations. 17 A few studies have demonstrated that there is a region with low BMD in the vertebral body below the dens, however there is limited research overall in this area. 13, 14, 17 We have previously reported computerized assessment techniques that allow for the shape, size, and bone mass distribution of different individuals to be evaluated in three dimensions (3D). 18 We hypothesized 
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that within the dens axis there is a notable interindividual anatomical variation with regard to the anatomical dimensions and bone mass distribution, which is relevant for surgical decision making and implant positioning. The objective of this study was to perform a comprehensive anatomical analysis of the dens axis using quantitative computed tomography (QCT) scans. Specifically, we assessed variation in size and shape, the volumetric bone mineral density (vBMD) distribution, and conducted virtual screw positioning in order to understand the implications for anterior screw fixation.
METHODS

Image Data
A retrospective series of 120 standard clinical QCT scans, obtained from routine clinical diagnostic procedures of the cervical spine, were used. Datasets were taken from a patient population treated from November 2014 to October 2015 at the Department of Trauma, Hand, and Reconstructive Surgery of the University Hospital M€ unster, Germany. Only patient data with an intact bony tissue were utilized and scans displaying abnormalities other than age related changes were excluded. Scan data were obtained from a clinical multi-detector CT scanner (SOMATOM Definition ASþ, Siemens Healthcare GmbH, Erlangen, Germany) using a tube peak voltage of 120 kVp and reconstruction kernels H60f or B60s. The average image resolution (¼ voxel size) was 0.5 AE 0.1 mm in the transversal, and 0.6 AE 0.1 mm in the sagittal and axial orientation. During image acquisition a BMD phantom (Siemens Osteo phantom, Siemens Healthcare GmbH, Erlangen, Germany) 19 was located in the same scan volume. Image acquisition was performed with the ethical consent of the local ethics committee ("Ethics Committee of the Medical Association of Westphalia-Lippe and the Medical Faculty of the Westphalian Wilhelms University M€ unster, M€ unster, Germany" [2014-166-f-S]). Image data given in Hounsfield unit (HU) were calibrated to volumetric BMD (vBMD) values given in mg calcium hydroxyapatite per ml (mgCaHA/ml) using the BMD phantom. 19, 20 Accordingly, QCTs were converted via a linear transformation from HU to vBMD values. All image data were saved in Digital Imaging and Communications in Medicine (DICOM) file format and anonymized.
The QCTs were equally grouped according to gender and age into four groups of 30 QCTs: Group 1F (females from 18 to 50 years, mean age 34.3 AE 10.8 years), Group 1M (males from 18 to 50 years, mean age 35.2 AE 10.2 years), Group 2F (females from 52 to 90 years, mean age 71.0 AE 12.4 years), Group 2M (males from 52 to 88 years, mean age 67.6 AE 10.1 years).
Image Processing
Image data were cropped to display only the cervical spine in Amira (Amira version 6.0.0, FEI Company, Hillsboro, Oregon, United States of America). Standard semi-automatic image segmentation was performed using Amira and an AntiAliasBinaryImage 21 filter, implemented in the Insight Segmentation and Registration Toolkit (ITK; Kitware Inc., Clifton Park, NY), was applied to reduce aliasing artefacts before a 3D surface was generated. The process resulted in a total of 120 3D surface models of the C2.
Computation of a Statistical Surface Model of C2 32 anatomically homologous landmarks were manually placed onto the surfaces of each of the 3D surface models at meaningful corresponding anatomical sites, as illustrated in Figure 1 . Sharp edges and anatomical boundaries that were located between neighbored anatomical landmarks were manually labelled by 232 additional segmental landmarks. For each segment the positions of the segmental landmarks were recomputed, and automatically relocated to become equidistant.
To assess the anatomical variations between the individual vertebrae, landmarks were used to calculate a transformation between each vertebra and a reference using a 3D thin plate spline (TPS) method as described by Bookstein.
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The transformation was used to warp the reference surface to each vertebra. The warped surfaces were optimized by automatic corrections to ensure that every vertex was located on the original surface. The triangular surfaces obtained were visually checked for minor topological inconsistencies and corrected, if required. This process resulted in 120 computer models of C2 with an anatomically homologous triangular mesh structure with 40,000 vertices and 80,008 triangles. Each C2 model was then aligned to the reference using a non-scaling general Procrustes fit. [23] [24] [25] A mean model of C2 was computed by averaging the coordinates of each corresponding vertex of the C2 models. For the first iteration an individual vertebra was used as a reference. For the second iteration the above mentioned mean C2 model was used to compute the final mean model.
Computation of an Averaged vBMD Model of C2
An averaged vBMD model of C2 was generated using a similar method as used for high-resolution peripheral QCTs of the proximal humerus. 18 An isotropic reference grid with an edge length of 0.4 mm was computed within the mean model of C2. This reference grid was transformed to the individual vertebrae using the above mentioned TPS method applied on the homologous surface points to determine the anatomically homologous voxel coordinates. The correspond- Figure 1 . Definition of anatomically homologous landmarks to compute a statistical model of C2: Antero-cranial view of a given C2 model (case no. 195). Anatomical (red) and segmental (yellow) homologous landmarks were manually determined onto the surface. Segmental landmarks required additional computations to become equidistant within the different models.
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ing vBMD values for these coordinates were calculated using a trilinear interpolation. All 120 QCTs were categorized into three equally sized groups according to the average vBMD, as calculated for the trabecular bone of the vertebral bodies: Group 1: low vBMD: 288.2 mgCaHA/ml; Group 2: medium vBMD: >288.2 mgCaHA/ml and <357.6 mgCaHA/ml; Group 3: high vBMD: !357.6 mgCaHA/ml).
Analysis and Statistics
Principal component analysis (PCA) was performed to analyze size and shape variations. 24, 26, 27 vBMD distribution was analyzed within cylindrical regions of interests (ROIs) corresponding to screw pathways. Virtual implantation of two 3.5 mm dens screw templates with one millimeter safety zone was manually performed for each of the C2 models. These samples were categorized into the three following groups: (i) positioning of two parallel, standard oriented screw templates (PS); (ii) PS not possible, but twisted positioning possible (TS); and (iii) positioning of two screw templates not possible (NS). For each screw template the following parameters were automatically calculated: Screw length in 2 mm steps, convergence of the screw in the axial plane in degree and ascent of the screw in the sagittal plane in degree.
Measurements were performed automatically between two anatomically homologous points within the statistical model. Dens height (DH) was defined as the distance between the apex of the dens and the center of the caudal endplate. The minimal anteroposterior dens diameter (APDD) and minimal transverse dens diameter (TVDD) were defined on a plane perpendicular to the dens axis where the transverse ligament of the atlas is located (at two third of the DH starting from caudal). 9 Statistical analysis was performed using Kruskal-Wallis test with Bonferroni adjustment using SPSS (SPSS 1 Statistics 22; IBM, New York). Statistical significance was defined as p < 0.05.
RESULTS
The processing of the 120 QCTs resulted in two main computer models. The first one comprised a 3D statistical surface model of C2 that contained an average surface and additional 120 surfaces. All the surfaces comprised an anatomically homologous triangular mesh structure. The second main model contained an averaged vBMD model of C2 with the values expressed in mgCaHA/ml.
PCA revealed a high anatomical variability with regard to the surface of the dens axis in which size was the predominant variation pattern in the 1st principal component (PC). Shape variations were evident in the remaining PCs (Fig. 2 ). An increase in size (PC1) was associated with a minor decrease in curvature of the dens in the sagittal plane. The first PC covered $29% of the overall anatomical variability. PC2 demonstrated variation of the angulation and curvature of the dens in the sagittal plane. This PC comprised $10% of the anatomical variability. In PC3 variation of the curvature of the dens in the sagittal plane became obvious. This PC contained $7% of the anatomical variability. PC4 revealed minor variability of the length and width of the dens. PC5 demonstrated variation of the curvature and length of the dens and a shape change of the ventral part of the vertebral body. PC4 and PC5 each contributed $5% to the overall anatomical variation.
The vBMD distribution pattern of the averaged vBMD model of C2 was visualized in 3D using five different vBMD thresholds, as illustrated in Figure 3 and interactively in Figure S-1 . In addition, multiplanar reconstruction with pseudo colors, coding the vBMD values was performed (Fig. 4 , also see interactive version Fig. S-2) .
The lowest vBMD values were mainly located in the trabecular bone of the anterior part of the vertebral body. The dens revealed an inhomogeneous vBMD distribution with the caudal part demonstrating a low vBMD compared to the cranial portion. The cranial trabecular bone exhibited a central region with an ovoid configuration with a markedly higher vBMD. The cortical shell of the cranial third of the dens exhibited higher vBMD values compared to the cortex of the caudal portion of the vertebral body. The cortical shell of the caudal section of the dens and the anterior cranial part of the vertebral body presented the maximum vBMD values.
Virtual positioning of two 3.5 mm dens screw templates with a 1 mm safety zone in a parallel position (PS) was possible in 81.7% of all cases (Fig. 5A ). When considering grouping by age and gender the two groups with the higher age allowed more often for two screws to be placed (2F: 86.7%, 2M: 93.3%) compared to 1F and 1M (1F: 60.0%, 1M: 86.7%); and placement of two screws was more often possible in the two male 
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groups compared to the two female groups. Table 1 provides descriptive statistics of the screw length, the convergence in the axial plane and ascent in the sagittal plane for left and right 3.5 mm dens screw templates in parallel position (PS), grouped by gender and age.
In 18.3% (22 cases) two screw templates could not be positioned in a standard, parallel orientation without violating the safety zone. In 19/22 cases it was possible to virtually implant two dens screw templates in an alternative, twisted configuration (TS) (also see Fig. 5B ). In three cases of the 1F group of the total 120 cases (2.5% of all cases, respectively, 10% of group 1F) it was impossible to place two screw templates without violating the 1 mm safety zone (NS). Overall, it was possible to place two dens screws in 97.5% (117 cases). When grouping according to low, medium and high vBMD and measuring along the cylindrical ROI, the parallel oriented dens screw templates exhibited a similar vBMD distribution pattern, as illustrated in the line curves of Figure 6 . Even though the line curves appeared to be similar, they were located at different vBMD levels. The line curves were characterized by two cortical peaks located at the caudal cortex of the vertebral body and at the cranial cortex of the dens ranging from 409 to 568 mgCaHA/ml and from 804 to 1015 mgCaHA/ml, respectively. The vBMD values of the trabecular bone of the vertebral body were comparatively low, however, they increased gradually towards the apex of the dens. Interestingly, the cranial part of the vertebral body exhibited the lowest vBMD values (ranging from 125 to 259 mgCaHA/ml). In Figure 5 the averaged vBMD values at the bone-screw interface are visualized as color maps.
The median dens height (DH) was significantly greater (8.9%) in males compared to females (34.6 mm vs. 37.7 mm, p < 0.05). No significant differences were observed when comparing the young with the elderly. The median value for the minimal transverse dens diameter (TVDD) in the young female group was significant smaller than in all remaining groups (1F: 9.6 mm vs. 2F: 10.5 mm vs. 1M: 10.3 mm vs. 2M: 10.5 mm, p < 0.05; also see Fig. 7 ). The median value for the minimal anteroposterior dens diameter (APDD) was significant greater in males than in females within the same age group (1M: 11.8 mm vs. 1F: 11.0 mm, and 2M: 12.3 mm vs. 2F: 11.5 mm) and for old male compared to young female; p < 0.05. When grouping by screw positioning in PS, TS and NS no significant differences could be found for DH. TVDD was significantly wider in PS than in TS and NS (PS: 
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10.4 mm vs. TS: 9.0 mm vs. NS: 9.0 mm, p < 0.05; also see Fig. 7 ). APDD was greater in PS and TS than in NS, but only PS was significantly larger than NS (PS: 11.6 mm vs. TS: 11.2 mm vs. NS: 10.3 mm). Median dimensions were listed in Table 2 .
DISCUSSION
The surgical fixation of dens fractures includes screw positioning close to vital structures and requires careful consideration of anatomical variation, vBMD, and patterns of bone loss. This is particularly true in elderly patients affected by bone loss due to osteoporosis. Variations of the dens axis may occur due to altered size, shape, and bone quality. These anatomical criteria have to be taken into account as well as the specific fracture type. Hence, our objective was to provide an enhanced anatomical understanding that could be used in addition to routine preoperative imaging. This project was also inspired by the idea of generating a new a priori knowledge for surgery.
The study methodology produced a 3D statistical surface model and an averaged vBMD model of C2 with the variations in size, shape, bone mass and distribution analyzed in 3D. The methods as applied were considered to be appropriate to evaluate the anatomical variations and to study virtual screw positioning. PCA as a state of the art concept was adopted to assess the most important anatomical variations between differently sized and shaped C2s. Whilst this technical approach permitted anatomically homologous regions to be compared in 3D, the workflow would need to be simplified to make it more user friendly in order to be translated to clinical practice. 18, 24, 26, 27 Despite the technical demanding workflow the analyses were helpful to understand the 3D anatomy and its implications for anterior screw fixation of the dens axis.
PCA demonstrated that size was the main anatomical variation, dominating over shape variations. It must be noted that the individual PCs do not necessarily reflect typical anatomical features such as length or width. On the other hand, length, or width measurements do not fully describe all anatomical variation with regard to shape and size patterns.
Similar techniques were used to compute a 3D averaged bone mass model given in vBMD. The grouping of the QCTs allowed for the image data to be categorized into low, medium, and high vBMD groups. The World Health Organization uses a densitometric definition of osteoporosis based on areal BMD (aBMD) measured with dual-energy X-ray absorptiometry (DXA), which remains the gold standard for diagnosing osteoporosis. 28 However, it was not possible to group according to normal, osteopenic and osteoporotic conditions due to the absence of DXA measurements and of local DXA reference data.
There are few studies reporting anatomical features of the dens axis. Schaffler et al. described the shape of the dens as conical with a variable degree of truncation near the basis, where the transverse ligament of the atlas is running. They delineated the orientation of the dens in the sagittal plane as oriented in the longitudinal direction, or tilted anteriorly or posteriorly. 9 These observations were confirmed by PCA in this study, however, we also observed dens models without truncation.
Schaffler et al. and Xu et al. measured dens height, defined as the distance from the superior border of the superior articular facets to the apex of the dens, but they found diverse results.
9,10 Schaffler et al. examined 60 black and 60 white American specimens from the early 20th century and described significant differences between males and females (5%) and between white and black ethnicity (11%). In contrast, Xu et al. found no significant difference in the dens height in evaluated sample size of 50. However, the vertebral body height between genders was reported to be significantly different in both studies (about 8%). 9, 10 The differences in results of these two studies may have several causes such as definition of the lower boundary of the dens. The dens height in this study was defined with the length of the vertebral body taken into account. The measurements started from the center of the caudal endplate to exclude the influence by osteophytes located at the edges of the caudal endplate. In addition, measurements were performed in a European collective. A significant greater dens height in the present collective was expected. TVDD emerged as the limiting factor in anterior screw fixation of the dens when positioning two standard, parallel oriented dens screws. Nucci et al. described the critical TVDD necessary for the positioning of two 3.5 mm dens screws with 0.5 mm safety zone to be 9 mm. 11 As in the present study, a safety zone of 1 mm was selected, the critical diameter for two screw templates to be placed would have to be set to 10 mm. For all cases with TVDD ! 10 mm two regularly positioned dens screws could be virtually implanted. With TVDD ! 9.5 mm a virtual positioning of two screw templates was still possible except for two cases. Interestingly, no significant difference between men and women is reported for the TVDD in the current literature. 5, [9] [10] [11] [12] In contrast, female gender was associated with a significantly smaller TVDD in this study. Nucci et al. found a TVDD ! 9 mm in 95% of their population. 11 In this study a TVDD ! 9 mm was present in 92%.
APDD was reported to be significantly greater in men than in women. 9, 10 Yusof et al. adopted the APDD as a criterion to judge on the suitability of the dens for positioning two anteroposterior oriented dens screws. 12 This length criterion may work in many cases, however, the variable geometry of the dens in the sagittal plane should also be considered. In $10% of all 22 cases where two standard, parallel oriented dens screws templates could not be positioned, it was also not possible to position two alternative, twisted configured dens screw templates, although the APDD criterion was met.
Although in the case of two screws a higher stiffness and cure rate could be shown, with a larger area for cortical anchorage 1 and stabilization against rotatory forces, 16 biomechanically there was no significant difference between one and two screws. 29, 30 However, a variable threaded screw could provide advantages over a regular one. 31, 32 The most common failure mechanism for anterior screw fixation is an anterior cut out in the vertebral body, 1, 33 especially in the presence of osteoporosis. [34] [35] [36] To prevent cut out and increase stability, alternative screw positions or new screw designs could be evaluated with the presented methodology in future. The collected vBMD data, for example, could be used for finite element analysis or for determining the optimal screw position within a region with the highest available vBMD.
This study has some limitations. Firstly, the data were derived from patients with intact C2s and not from patients affected by odontoid fractures. Therefore, the space available for screw positioning and the vBMD findings could be different. Further limitations are that there is lack of areal BMD/ DXA data for this anatomical region, and that the interpretation of the PCs might be difficult with regard to typical clinical measures. Despite these limitations, a relatively large data sample with broad age distribution was analyzed, and a method for creating a 3D statistical and 3D averaged vBMD models altered by bone loss were demonstrated. The anatomical knowledge may be novel and may serve as reference data, particularly in combination with a QCT of a given fracture case.
To the best of our knowledge this the first report measuring the bone mass of C2 using clinical QCTs, and a collective containing a significant number of adult women and men from 18 to 90 years. Few published studies have measured the BMD ex vivo. 17, 14 The averaged vBMD distribution, as calculated along parallel oriented dens screw templates, exhibited a characteristic line curve pattern. Interestingly, this pattern was similar in all three different vBMD groups, with merely the curve levels shifting in the three groups (also see Fig. 6 ). These finding suggests, that the bone mass distribution pattern remains unchanged in the presence of bone loss, even though the present study was not designed as a longitudinal cohort study. We consider QCT as a valuable diagnostic option to assess dens fractures and the bone mass status, particularly in low bone mass conditions, and to improve preoperative assessment and surgical decision making. The identification and quantification of the invariable vBMD distribution pattern has been demonstrated in this study and the presented vBMD model might serve as a basis to develop new strategies to gain better implant anchorage; either by altering the screw positions, or by changing the screw design.
The inhomogeneous vBMD distribution of the dens axis, as highlighted in this study, may also be understood with regard to embryological development patterns. Pang and Thompson described that the C2 evolves from several somites. 8 After resegmentation, the dens axis consists of three components which are interconnected by synchondroses. Two of the three chronological waves of ossification of C2 occur prenatally. At birth the caudal synchondrosis is not yet completed and the cranial synchondroses and the upper part of the dens are not yet ossified. Ossification of the tip of the dens and the cranial synchondrosis is not complete until adolescence. 8 The bicornuate shape of the ossification of the caudal part of the dens, as well as the shape of the ossification center of the cranial part of the dens were still detectable in the averaged vBMD distribution. The ossification center of the cranial part has a markedly higher vBMD value (also see second (blue) and third (red) thresholds in Figs. 3, S-1, and 4) . Similarly, the caudal synchondrosis was still detectable as an area of higher vBMD within the vertebral body.
This study was initiated to extend our anatomical knowledge because the utilized technique offers the possibility of characterizing the dens axis in 3D (Figs. 2, 4 , and S-2). However, the models as generated in this study may not directly be used for surgery. In our view, PCA represents the method of choice to assess 3D shape and size patterns. The interpretation of the PCs with respect to standard clinical measures may be difficult because they may not necessarily DENS AXIS ANATOMY AND FIXATION coincide with typical morphologic features such as the bone length or thickness. But the knowledge of the major size and shape dimensions might be beneficial for implant optimization and design in future.
In conclusion, the presented QCT-based anatomical study of the dens axis permitted the assessment of the size and shape variation, bone mass distribution and bone loss, that allowed the feasibility for anterior screw fixation of the dens axis to be evaluated. The results obtained are targeted at establishing new knowledge prior to surgical fixation. The demonstrated characteristic vBMD distribution pattern remained independently of the extent of the bone loss and is likely to be the result of the development process. The study also showed that in the majority of all cases (97.5%) there is enough space available to position two 3.5 mm dens screw template with 1 mm safety zone (81.7% standard parallel positioning, 15.8% alternative twisted positioning). Hence, we generated a new priori knowledge that could be used to determine the number, type, size, orientation and position of screws to be placed. When combined with a preoperative QCT the approach may further improve the diagnostic procedure of patients affected by odontoid fractures and may help choosing the optimal therapy.
